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Abstract

Gamma HPV197 was the most frequently identified HPV when human skin cancer specimens 

were analyzed by deep sequencing. To gain insight into the biological activities of HPV197, we 

investigated the cellular interactomes of HPV197 E6 and E7. HPV197 E6 protein interacts with a 

broad spectrum of cellular LXXLL domain proteins, including UBE3A and MAML1. HPV197 E6 

also binds and inhibits the TP53 tumor suppressor and interacts with the CCR4-NOT ubiquitin 

ligase and deadenylation complex. Despite lacking a canonical retinoblastoma (RB1) tumor 

suppressor binding site, HPV197 E7 binds RB1 and activates E2F transcription. Hence, HPV197 

E6 and E7 proteins interact with a similar set of cellular proteins as E6 and E7 proteins encoded 

by HPVs that have been linked to human carcinogenesis and/or have transforming activities in 

vitro.

INTRODUCTION

Papillomaviruses are small, non-enveloped viruses that contain approximately 8 kilobase 

double stranded circular DNA genomes and have been isolated from squamous epithelia of 

many vertebrate species. More than 200 human papillomavirus types (HPVs) have been 

identified. The most extensively studied HPVs are members of the alpha genus, which 

preferentially infect mucosal epithelia. Clinically, they are organized into “high-risk” and 

“low-risk” groups. High-risk HPVs cause approximately 5% of all human cancers. These 

include almost all cases of cervical carcinoma, a leading cause of female cancer death as 

well as other anogenital tract and an increasing fraction of oral cancers that affect both males 

and females (Schiffman et al., 2007).

High-risk HPV associated tumors express the E6 and E7 open reading frames and HPV-

positive cervical cancer lines are addicted to E6/E7 expression. High-risk HPV E6 and E7 

are small proteins of approximately 150 and 100 amino acid residues that exhibit oncogenic 

activities in cell-based and transgenic animal systems (Moody and Laimins, 2010). They 
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lack intrinsic enzymatic activities and are not known to directly bind specific DNA 

sequences but exert their biological activity by binding to host cell proteins, thereby 

functionally reprogramming key cellular signaling circuits. High-risk alpha HPV E6 proteins 

interact with the cellular E3 ubiquitin ligase, UBE3A (E6AP), and target the associated 

TP53 tumor suppressor for proteasomal degradation (Huibregtse et al., 1993; Scheffner et 

al., 1993; Scheffner et al., 1990; Werness et al., 1990). High-risk HPV E6 proteins also 

contain a C-terminal binding site for cellular PDZ (post synaptic density protein-PSD95, 

Drosophila disc large tumor suppressor-Dlg1, and zonula occludens-1 protein-zo-1) domain 

proteins and target some of them for degradation (Glaunsinger et al., 2000; Nakagawa and 

Huibregtse, 2000; Thomas et al., 2002). In addition, they activate TERT (telomerase) 

expression and activity (Gewin and Galloway, 2001; Kiyono et al., 1998; Klingelhutz et al., 

1996; Veldman et al., 2001). High-risk HPV E7 proteins bind the retinoblastoma tumor 

suppressor, RB1, and the related RBL1 (p107) and RBL2 (p130) proteins through a 

canonical LXCXE (L, Leucine; C, Cysteine; E, Glutamic acid; X, any amino acid) motif and 

target them for degradation.

Beta genus HPVs infect mostly cutaneous epithelia and cause warts. Some beta HPV-

associated warts can progress to squamous cell carcinomas particularly in patients that suffer 

from a rare genetic disorder, Epidermodysplasia verruciformis (EV), or in the long-term, 

systemically immunosuppressed organ transplant patients. Beta HPV-associated cancers 

often arise at sun-exposed areas of the body, implicating UV exposure as a co-factor for 

cancer progression (Bouwes Bavinck et al., 2001; Euvrard et al., 1993; Orth et al., 1978; 

Pfister, 2003). In contrast to high-risk alpha HPV-associated cancers, beta HPV sequences 

are not maintained in every cancer cell. Hence, beta HPVs contribute to induction, but are 

not necessary for tumor maintenance (Weissenborn et al., 2005). This may explain the 

relative paucity of molecular studies on beta HPVs even though they were linked to non-

melanoma skin cancers in EV patients several years before alpha HPV sequences were 

detected in cervical cancers (Dürst et al., 1983; Orth et al., 1978). The E7 proteins of HPV5 

and 8, the prototypical beta HPVs associated with cancers in EV patients, bind RB1 weakly 

(Schmitt et al., 1994). Similarly, HPV5 and 8 E6 proteins only weakly interact with UBE3A, 

do not detectably bind TP53 (Rozenblatt-Rosen et al., 2012; White et al., 2012a), and they 

lack C-terminal PDZ binding sequences. These E6 proteins, however, inhibit the NOTCH 

and TGFß tumor suppressor pathways through association with MAML1 and SMAD3 

proteins, respectively (Brimer et al., 2012; Mendoza et al., 2006; Meyers et al., 2013; 

Rozenblatt-Rosen et al., 2012; Tan et al., 2012; White et al., 2012a). HPV5 E6, E7 and E2 

score as oncogenic when expressed in basal epithelial cells of transgenic mice particularly in 

combination with UV (Marcuzzi et al., 2009; Pfefferle et al., 2008; Schaper et al., 2005), 

further linking these viruses to initiation of non-melanoma skin cancers at least in EV and 

immune suppressed patients (McLaughlin-Drubin, 2015).

Although there is serological evidence for gamma HPVs in skin cancers (Waterboer et al., 

2008), these viruses have not been definitively linked to any skin pathology (Farzan et al., 

2013). A study published in 2015, however, identified HPV197, a member of species 24 of 

the gamma genus, as the most frequently detected HPV in skin cancers. Unlike most studies 

where HPVs are detected by polymerase chain reaction (PCR) using consensus primers, 

these authors used deep sequencing. HPV197 was detected in 34 of the 91 skin cancer 
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specimens but none of the normal skin specimens that they analyzed (Arroyo Muhr et al., 

2015). The authors also demonstrated that HPV197 sequences are not recognized by the 

consensus HPV PCR primers, explaining why HPV197 sequences have not previously been 

detected in skin lesions and cancers. As the authors were careful in pointing out, additional 

studies are necessary to investigate a potential etiologic link between HPV197 infections and 

skin carcinogenesis (Arroyo Muhr et al., 2015).

To study the biological activities of the HPV197 E6 and E7 proteins, we investigated their 

cellular interactomes. Since gamma HPVs have been detected in both cutaneous and 

mucosal epithelia (Fatahzadeh et al., 2013) we compared the HPV197 E6 and E7 

interactomes to the previously published interactomes of the corresponding proteins of 

mucosal alpha and cutaneous beta HPVs (Rozenblatt-Rosen et al., 2012; White et al., 

2012a). Here we report that the HPV197 E6 protein shares many cellular interactors with 

beta genus species 2 (beta 2) HPV E6 proteins. This includes the ability to bind and inhibit 

the TP53 tumor suppressor, as well as the capacity to associate with the CCR4-NOT 

(CNOT) ubiquitin ligase and deadenylation complex. Additionally, HPV197 E6 shares the 

capacity to bind UBE3A and proteasome subunits with alpha HPV E6 proteins. Even though 

HPV197 E7 lacks a canonical LXCXE motif, it can associate with RB1 and activate E2F 

responsive promoters and like most papillomavirus E7 proteins, HPV197 E7 also binds the 

UBR4 and KCMF1 ubiquitin ligases.

MATERIALS AND METHODS

Plasmids, Antibodies and Cell lines

Codon-optimized versions of HPV197 E6 and E7 were custom synthesized by Genscript, 

Piscataway, NJ. (Table S1). Amino (N) and carboxyl (C) terminally FLAG/HA epitope 

tagged as well as untagged versions of these proteins, were generated and cloned into 

pCMV-BamNeo (Baker et al., 1990) based expression vectors for proteomic analyses. The 

pC-p53 SN3 (Baker et al., 1990) and pCMV-Rb plasmids (Muller et al., 1994) were obtained 

from Phil Hinds (Tufts University School of Medicine, Boston, MA) , pGL3 6×E2F (Lukas 

et al., 1997) from Christian Helin (University of Copenhagen), and pRGC-luc, which 

contains 17 tandem repeats of the consensus p53 DNA binding sequence (Kern et al., 1992) 

was obtained from Moshe Oren (Weizmann Institute of Science). The pNCMV 16E6no* 

vector has been previously described (Spangle et al., 2012) and pCMV C16E7 was derived 

from MSCV-C 16E7 (Rozenblatt-Rosen et al., 2012) by cloning the epitope tagged HPV16 

E7 fragment into the pCMV-BamNeo backbone. The EGFP-C1 plasmid used to monitor 

transfection was obtained from Clontech.

The following primary antibodies were used: Actin (MAB1501; Millipore), FLAG (F3165; 

Sigma), GFP (ab290; Abcam), MAML (12166; Cell Signalling), RB1 (Ab-5, OP66; 

Millipore), TP53 (ab2433; Abcam), UBE3A/E6AP (25509; Santa Cruz). Secondary anti-

mouse or anti-rabbit antibodies conjugated to horseradish peroxidase were from GE 

Healthcare.
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U-2 OS (ATCC® HTB-96™), Saos-2 (ATCC® HTB-85™) human osteosarcoma and the 

HCT116 (ATCC® CCL-247™) human colon carcinoma cell lines were obtained from ATCC 

and cultured according to their recommendations.

Affinity purification/mass spectrometry analyses

For each sample, four 15 cm tissue culture plates were seeded with 8 ×106 HCT116 human 

colon cancer cells each. At 24 hours after plating, each plate was transfected with 30 μg of 

expression plasmid. At 48 hours post transfection, cells were harvested in phosphate 

buffered saline (PBS) and lysed in a total of 4 ml of lysis buffer (50 mM Tris, pH 7.5, 150 

mM NaCl, 0.5 % NP40 supplemented with one complete EDTA-free protease inhibitor 

cocktail tablet (Roche) per 50 ml lysis buffer) at 4°C for one hour followed by centrifugation 

at 19,400 × g at for 20 minutes at 4°C. Supernatants were cleared by spinning through 0.45 

μm spin filters (Millipore #UFC4 0HV 00). The cleared supernatants were then incubated 

with a total of 30 μl of a 50 % slurry of anti HA agarose beads (Sigma #A2095) in lysis 

buffer for 4 to 16 hours at 4°C with constant agitation. Beads were washed several times 

with ice cold lysis buffer, followed by several washes with PBS to remove any traces of 

detergent. Bound proteins were eluted 3 times each with 50 μl of 250 μg/ml HA peptide 

(Sigma #I2149) in PBS. Eluates were combined and proteins precipitated in 20 % 

trichloroacetic acid (TCA) on ice for 25 minutes followed by centrifugation at 20,000 × g for 

25 minutes at 4°C. Pellets were washed with 500 μl ice cold 10% TCA followed by 3 

washes with 1 ml each of ice cold acetone to remove precipitated HA peptide. Pellets were 

air dried and submitted to the Taplin Proteomics Facility at Harvard Medical School. Pellets 

were dissolved in 40 μl 50 mM ammonium bicarbonate containing 6 ng/μl modified 

sequencing-grade trypsin (Promega, Madison, WI) and digested at 37°C overnight. Peptides 

were extracted by removing the ammonium bicarbonate solution, followed by one wash with 

50% acetonitrile and 1% formic acid. The extracts were then vacuum-dried for one hour and 

reconstituted in 5 to 10 μl of HPLC solvent A (2.5% acetonitrile, 0.1% formic acid). A nano-

scale reverse-phase HPLC capillary column was created by packing 2.6 μm C18 spherical 

silica beads into a fused silica capillary (100 μm inner diameter; ~30 cm length) with a 

flame-drawn tip (2). After equilibrating the column, each sample was loaded via a Famos 

auto sampler (LC Packings, San Francisco CA) onto the column. Peptides were eluted with 

increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid). As peptides 

eluted, they were subjected to electrospray ionization and then entered into an LTQ Orbitrap 

Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). Peptides 

were detected, isolated, and fragmented to produce a tandem mass spectrum of specific 

fragment ions for each peptide. Peptide sequences (and hence protein identity) were 

determined by matching protein databases with the acquired fragmentation pattern by the 

software program, Sequest (Thermo Fisher Scientific, Waltham, MA) (Eng et al., 1994). All 

databases include a reversed version of all the sequences and the data was filtered to 

between a one and two percent peptide false discovery rate.

Co-precipitation/western blot experiments

HCT116 human colon cancer cells were transfected with the corresponding HPV197 E6 or 

E7 expression plasmids. At 48 hours post-transfection, cells were lysed in EBC (50mM Tris-

HCl pH 8.0, 150mM NaCl, 0.5% NP-40, and 0.5mM EDTA), supplemented with protease 
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inhibitors (Roche). Anti-HA agarose (Sigma #A2095) was used for immunoprecipitations 

followed by SDS PAGE and western blot analysis on PVDF membranes. After incubation 

with the appropriate primary and secondary antibodies, protein bands were visualized by 

enhanced chemiluminescence, and images were acquired on a Syngene ChemiXX6 imager 

equipped with Genesys software version 1.5.5.0. Signals were quantified with Genetools 

software version 4.03.05.0

TP53 and RB1 destabilization experiments

Saos-2 human osteosarcoma cells lacking detectable TP53 or RB1 were transfected with 3 

μg of TP53 or RB expression plasmids and varying amounts of pCMV-197E6 or 

pCMV-197E7, respectively. HPV16 E6 and HPV16 E7 expression plasmids served as 

positive controls for TP53 and RB1 destabilization, respectively, and EGFP-C1 was co-

transfected to monitor transfection efficiency. Cells were harvested at 48 hours post-

transfection and lysed in EBC as described above, and 100 μg protein containing aliquots 

were subjected to SDS PAGE and western blot analysis. Incubation with primary and 

secondary antibodies as well as detection, visualization and quantification of proteins, was 

performed as described above.

Reporter assays

For TP53 reporter assay, Saos-2 cells were transfected in triplicate with the p53 responsive 

pRGC-luc reporter, pC-p53 SN3 and varying amounts of pCMV197 E6. For E2F reporter 

assays, U-2 OS cells were transfected in triplicate using PEI with the E2F pGL3-E2F6 

reporter and varying amounts of pCMV 197E7. HPV16 E6 (TP53) or HPV16 E7 (E2F) 

expression plasmids were used as positive controls, and the pGL4.53[luc2/PGK] Renilla 

luciferase expression plasmid (Promega) was co-transfected to allow monitoring of 

transfection efficiency. Cells were harvested at 48 hours post-transfection in Passive Lysis 

Buffer (Promega) and analyzed with the Dual Luciferase Reporter Assay kit (Promega) 

according to the manufacturer's instructions.

RESULTS

HPV197 E6 and E7 proteins share sequence similarity and overall domain structures with 
the corresponding mucosal and cutaneous HPV proteins

Papillomavirus E6 proteins consist of two pairs of CXXC (C, Cysteine; X, any amino acid) 

sequence motifs, which have been shown to bind zinc ions (Zanier et al., 2013). Sequence 

alignments of HPV197 E6, with the cutaneous beta 1 HPV8, beta 2 HPV38 and the high-risk 

alpha 9 HPV16 E6 proteins shows conservation of the overall domain structure (Figure 1A). 

Papillomavirus E7 proteins consist of an N terminal intrinsically disordered domain 

followed by a pair of CXXC motifs that form a zinc binding domain (Liu et al., 2006; 

Ohlenschlager et al., 2006). The N-terminal portions of many papillomavirus E7 proteins 

share sequence similarity to a small portion of the conserved region (CR) 1 at the extreme N 

terminus and the entire CR2 of the adenovirus E1A proteins. CR2 contains an LXCXE 

motif, the core binding site for the retinoblastoma tumor suppressor RB1 and the related 

RBL1 (p107) and RBL2 (p130) proteins, as well as an adjacent acidic domain that contains 

a casein kinase II phosphorylation site (Roman and Munger, 2013). HPV197 E7 shares 
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extensive sequence similarity with HPV16 and HPV8 E7 within the CR1 homology domain 

and the acidic domain in the CR2 homology domain, but like other gamma HPV E7s, it 

lacks a canonical LXCXE RB1 binding site (Figure 1B).

HPV197 E6 and E7 interact with a similar set of cellular proteins as known alpha and beta 
HPV E6 proteins

Previous large scale proteomic interaction screens with HPV proteins were performed using 

cells with stable ectopic expression of the corresponding viral proteins (Rozenblatt-Rosen et 

al., 2012; White et al., 2012a; White et al., 2012b). Since papillomavirus E6 and E7 proteins 

have short half-lives and are encoded by rare codons (Grossman et al., 1989; Smotkin and 

Wettstein, 1987; Zhao et al., 2003), they are often expressed at very low levels, making 

affinity purification-based proteomic studies cumbersome. Hence, we performed these 

proteomic studies after transient transfection of codon optimized N- and carboxyl C 

terminally HA/FLAG epitope tagged versions of HPV197 E6 and E7 into HCT116 human 

colon cancer cells. HCT116 cells were chosen because they are readily transfectable, of 

epithelial origin, express wild type TP53 and RB1 proteins and are not known to express 

exogenous viruses. We then compared and contrasted our list of candidate HPV197 E6 and 

E7 associated cellular proteins with cellular interactors reported in two previous proteomic 

analyses that were performed in normal human fibroblasts (IMR90) or immortalized human 

foreskin keratinocytes with stable, low-level expression of high-risk (HPV16/18) and low-

risk (HPV6/11) alpha and beta 1 (HPV5/8) E6 and E7 proteins (Rozenblatt-Rosen et al., 

2012; White et al., 2012a; White et al., 2012b) (Tables 1 and 2).

HPV197 E6 does not detectably associate with EP300/CREBBP

Since HCT116 cells do not express full length EP300 (Bryan et al., 2002), we did not expect 

to detect any EP300 peptides, but we also did not find any evidence for CREBBP binding to 

HPV197 E6. CREBBP peptides have been readily detected in previous proteomic analyses 

with HPV5 and HPV8 E6 (Rozenblatt-Rosen et al., 2012; White et al., 2012a) and we 

previously detected an excess of 100 individual CREBBP peptides in a proteomic analysis of 

HPV8 E6 associated cellular proteins that was performed by transient transfection of 

HCT116 cells as described here for HPV197 E6 (Grace and Munger, unpublished).

HPV197 E6 binds a variety of cellular LXXLL domain containing proteins

Many cellular proteins that can interact with papillomavirus E6 proteins contain LXXLL 

amino acid sequence motifs (L, Leucine; X, any amino acid) (Bohl et al., 2000; Chen et al., 

1998). LXXLL motifs were initially identified as a common feature of transcriptional 

cofactors associating with nuclear hormone receptors (Plevin et al., 2005), but they have 

subsequently been noted in many other cellular proteins. Structural studies with HPV16 and 

the bovine papillomavirus 1 (BPV1) E6 proteins have shown that the LXXLL peptide motif 

binds into a deep groove that is formed by N terminal, as well as C terminal, E6 residues 

(Zanier et al., 2013). Interestingly, different papillomavirus E6 proteins appear to 

preferentially associate with specific LXXLL proteins. The specificity arises by interactions 

with the “X” amino acids of the LXXLL motif, as well as residues adjacent to the LXXLL 

(Zanier et al., 2013). Alpha HPV E6 proteins efficiently bind UBE3A and weakly PXN 

(paxillin) and MAML1, beta HPV E6 proteins bind strongly to MAML1 and weakly to PXN 
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and UBE3A, whereas the bovine papillomavirus type 1 (BPV1) E6 protein efficiently 

associates with PXN and MAML1 and less efficiently with UBE3A (Vande Pol, 2015). Our 

experiments provided evidence for an association of HPV197 E6 with UBE3A, as well as 

with MAML1 and PXN, each at high peptide counts and protein coverage (Table 3). The 

interactions of HPV197 E6 with MAML1 and UBE3A was confirmed by 

immunoprecipitation/western blot experiments (Figure 2A).

HPV197 E6 preferentially interacts with slower migrating forms of UBE3A. These may 

represent specific UBE3A isoforms and/or post-translationally modified versions. Similar 

slower migrating UBE3A forms have also been noted by other investigators (Martinez-Noel 

et al., 2012) but their exact biochemical nature is unknown. We also detected a few peptides 

of the Ubiquitin Conjugating Enzyme E2 L3 (UBE2L3) that was previously shown to 

contribute to UBE3A-mediated TP53 ubiquitylation by HPV16 E6 (Kumar et al., 1997) 

(Table 3). Similarly, in addition to MAML1, we also detected peptides corresponding to 

NOTCH1, NOTCH2 and NOTCH3. Of note, all of the detected peptides mapped to C-

terminal NOTCH sequences, consistent with HPV197 E6 binding to a nuclear transcription 

factor complex that contains MAML bound to activated, cleaved NOTCH, as was previously 

shown for HPV8 E6 (Meyers et al., 2013).

Our proteomic experiments with HPV197 E6 also provide evidence for association with 

several additional cellular LXXLL domain proteins that were identified as E6 associated 

proteins in other studies. These include the transcriptional cofactor Transcriptional Adaptor 

3 (TADA3) (Kumar et al., 2002), the Interferon Regulatory Factor 3 (IRF3) (Ronco et al., 

1998), Transforming Growth Factor Beta 1 Induced Transcript 1 (TGFB1I1; HIC5) (Bryant 

et al., 2014), Adaptor Related Protein Complex 1 Gamma 1 Subunit (AP1G1) (Tong et al., 

1998), and Reticulocalbin 2 (RCN2; ERC-55, E6BP) (Chen et al., 1995) (Table 3).

HPV197 E6 associates with and inhibits the TP53 tumor suppressor

Papillomavirus E6 proteins also interact with cellular proteins that do not contain LXXLL 

domains. High-risk alpha HPV E6 proteins contain a C terminal PDZ binding motif 

XTXL/V (T, Threonine; L, Leucine; V, Valine; X, any amino acid) (Glaunsinger et al., 2000; 

Nakagawa and Huibregtse, 2000). Since HPV197 lacks such a sequence (Figure 1A) it was 

not surprising that none of the known high-risk alpha HPV E6 binding cellular PDZ proteins 

were detected. In addition, HPV16 E6 associates with the TP53 tumor suppressor and HPV8 

E6 with the SMAD3 protein, which do not contain LXXLL or PDZ sequences (Mendoza et 

al., 2006; Werness et al., 1990). A recent structural analysis of HPV16 E6, in complex with 

UBE3A and TP53, has revealed that there are separate binding sites for the two proteins 

(Martinez-Zapien et al., 2016). HPV197 E6 can bind TP53 but no SMAD3 peptides were 

detected (Table 1). TP53 binding by HPV197 E6 was confirmed by immunoprecipitation/

western blot experiments (Figure 2A). Despite association with UBE3A, there was no 

evidence for TP53 destabilization by HPV197 E6 (Figure 2B). However, HPV197 E6 

blunted p53 transcriptional activity in reporter assays suggesting that the association of 

HPV197 with TP53 may have biological consequences (Figure 2C). These results suggest 

that HPV197 E6 can interfere with TP53 tumor suppressor activity, although the mechanism 

does not involve TP53 degradation.
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HPV197 E6 binds the CCR4-NOT complex and other beta 2 HPV E6 interactors

An earlier comparative proteomic analysis of E6 associated cellular proteins performed by 

White and colleagues provided evidence that E6 proteins of beta 2 HPVs, HPV17 and 

HPV38, interacted with components of the CCR4-NOT complex (White et al., 2012a). Our 

proteomic analysis of HPV197 E6 provided evidence for HPV197 E6 interaction with all 

known core components of this complex (Table 4). Given that CCR4-NOT complex 

interaction was specifically observed for members of the beta 2 HPV17 and HPV38 E6 

proteins, we next investigated whether HPV197 E6 could also interact with other previously 

reported high confidence interactors of the beta 2 HPV17 and HPV38 E6 proteins (White et 

al., 2012a). As shown in Table 5, HPV197 E6 shares the ability to interact with a 

considerable number of these beta 2 HPV E6 selective interactors. In contrast, there was 

much less overlap with previously identified beta 4 HPV E6 selective cellular interactors 

(White et al., 2012a) (Table 6).

HPV197 E7 can interact with the retinoblastoma tumor suppressor and other known 
papillomavirus E7 interactors

Despite lacking a canonical LXCXE-based RB1 binding site (Figure 1B), we detected 

evidence for RB1 binding by HPV197 E7 (Table 2). Strikingly, and in contrast to LXCXE 

containing HPV E7 proteins, there was no evidence for association with the RB-related 

RBL1 (p107) and RBL2 (p130) proteins (Table 2). RB1 binding by HPV197 E7 was 

validated by immunoprecipitation/western blot experiments (Figure 3A). RB1 binding and 

destabilization of some non-LXCXE containing papillomavirus E7 proteins has been 

previously reported (Wang et al., 2010) but there was no evidence for RB1 destabilization by 

HPV197 E7 (Figure 3B). E2F reporter assays, however, show that HPV197 E7 can activate 

E2F-dependent transcription. Since no peptides mapping to E2F and DP transcription factors 

were detected in our experiments with HPV197 E7 (Table 2), E2F activation by HPV197 E7 

presumably represents a consequence of RB1 association (Figure 3C).

Like most E7 proteins, HPV197 E7 also associated with the UBR4 (p600) and KCMF1 

ubiquitin ligases, as well as with the non-receptor tyrosine phosphatases PTPN14 and 

PTPN21, albeit the latter were detected at extremely low peptide counts (Table 2).

DISCUSSION

Since gamma HPVs are largely unstudied at a molecular level, we set out to determine the 

cellular interactomes of the HPV197 E6 and E7 proteins. Such studies can provide important 

insights regarding the specific cellular signaling pathways that are targeted (White and 

Howley, 2013). Here we report HPV197 E6 and E7 cellular interactors that have been 

previously discovered in proteomic studies with alpha and beta papillomavirus E6 and E7 

proteins.

Previous investigations revealed that specific papillomavirus E6 proteins showed marked 

selectivity for LXXLL domain protein binding (Vande Pol, 2015). Strikingly, however, 

HPV197 E6 was found associated with a wide range of cellular LXXLL domain proteins 

(Table 3). While it may be argued that this could represent a consequence of high level, 
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ectopic HPV197 E6 expression, similar proteomic experiments performed by transient 

expression in HCT116 cells, showed preferential binding of HPV16 E6 to UBE3A and 

HPV8 E6 to MAML1 (M. Grace and K. Munger, unpublished), as has been observed in 

previous experiments where the E6 proteins were expressed at lower levels (Rozenblatt-

Rosen et al., 2012; White et al., 2012a). The crystal structures of BPV1 E6 bound to PXN 

and HPV16 E6 in complex with UBE3A derived LXXLL containing peptides, respectively, 

provided important insights regarding the selectivity of LXXLL peptide binding (Zanier et 

al., 2013). The UBE3A LXXLL motif contains a negatively charged residue (glutamic acid-

E) at the −3 position, whereas the PXN LXXLL motif contains a hydrophobic residue 

(methionine-M) at this position (Figure 4A). In HPV16 E6, the positively charged arginine 

(R) 77, histidine (H) 78 and R128 residues form an electrostatic interaction with the 

negatively charged glutamic acid (E) residue in the UBE3A sequence. In the BPV1 E6 

protein the HPV16 E6 R77 and H78 are substituted by leucine (L64) and tryptophan (W65), 

respectively, which form a hydrophobic patch that mediate interaction with the methionine 

(M) residue in the PXN sequence (Zanier et al., 2013). Similar to PXN, MAML1 has a 

methionine residue at the −3 position (Figure 4A) and would be predicted to preferentially 

bind to E6 proteins with hydrophobic amino acid residues at these positions. Consistent with 

this model, the MAML binding HPV8 E6 protein contains a tyrosine (Y) at the H78 

position. The HPV16 E6 R77 residue is substituted by a glutamic acid (E) (Figure 4B). 

Although not hydrophobic, the negatively charged E will electrostatically repel the UBE3A 

LXXLL or others with negatively charged residues at −3. Interestingly, the HPV197 E6 

protein contains a positively charged lysine (K) followed by a hydrophobic tyrosine (Y) 

residue at these positions, which may allow HPV197 to interact with LXXLL proteins 

regardless of the chemical nature of the −3 residue as we have observed in our study (Figure 

4B).

HPV197 E6 was found in complex with TP53 (Figure 2A) and reporter assays showed that 

HPV197 E6 efficiently inhibited TP53 mediated transcriptional activity (Figure 2C). It is 

interesting to note that a number of beta genus HPV E6 proteins, specifically the beta 2 

HPV17 and HPV38, as well as the beta 4 HPV92 E6, were reported to bind and inhibit some 

aspects of TP53 mediated induction of target genes following DNA damage, while 

expression of the beta 1 HPV8 E6 protein neither bound TP53 nor modified the TP53 

response in the same experimental format (White et al., 2014). However, in contrast to what 

was observed with the beta 2 HPV38 and HPV17 E6 (White et al., 2014), we did not 

observe TP53 stabilization in human keratinocytes with stable HPV197 E6 expression (data 

not shown).

Both N and C terminally tagged HPV197 E6 proteins bound to a large number of 

proteasome subunits (Table 1 - PSM). While it cannot be ruled out that this may represent an 

artifact of high level ectopic HPV197 E6 expression, proteasome subunit association was 

previously reported for alpha HPV E6 proteins, where the interactomes were investigated in 

cells with low level E6 expression and, in some cases, by tandem affinity purification 

(Rozenblatt-Rosen et al., 2012; Vos et al., 2009; White et al., 2012a). Since proteasome 

subunit association may be mediated by the UBE3A protein (White et al., 2012a), and given 

that HPV197 E6 binds to UBE3A, it may be speculated that HPV197 E6 binds to 

proteasome-bound UBE3A. Similarly, the HECT And RLD Domain Containing E3 
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Ubiquitin Protein Ligase 2 (HERC2) (Table 2) may bind to HPV197 E6 through UBE3A 

(Galligan et al., 2015).

Unlike the beta 1 HPV5 and HPV8 or the alpha HPV16 E6 proteins, HPV197 E6 does not 

detectably interact with CREBBP. Similar to HPV197, the beta 2 HPV17 and HPV38 E6 

proteins do not interact with CREBBP (White et al., 2012a). Hence, the HPV197 E6 cellular 

interactome appears to be more similar to those of beta 2 HPV E6s than beta 1 HPV E6 

proteins. Consistent with this notion, HPV197 E6 can bind to many of the beta 2 HPV E6 

selective cellular interactors that have been previously reported including the CCR4-NOT 

transcription factor complex (Tables 4 and 5). The CCR4-NOT complex was first identified 

in yeast and contains both deadenylase and ubiquitin ligase activity. This complex 

importantly regulates many aspects of mRNA metabolism in the nucleus as well as in the 

cytoplasm, including transcriptional initiation and elongation, nuclear RNA processing and 

export as well as co-translational quality control. In addition some studies have implicated 

this complex in the regulation of histone modifications, particularly trimethylation of histone 

H3 at lysine 4 (H3K4me) (Collart, 2016; Miller and Reese, 2012).

HPV38 is the best studied beta 2 HPV, and it is frequently detected in cutaneous lesions and 

tumors (Feltkamp et al., 2003). The HPV38 E6 and E7 proteins have oncogenic activities in 

cell based and genetically engineered mouse models (Caldeira et al., 2003; Dong et al., 

2005; Gabet et al., 2008; Viarisio et al., 2013; Viarisio et al., 2011) and it will be interesting 

to determine whether HPV197 E6 has oncogenic activities in standard transformation 

assays.

HPV197 E7 shares extensive amino acid sequence similarity in the N-terminal CR1 

homology region and the C-terminal metal binding domain with alpha and beta HPV E7 

proteins but it lacks the LXCXE canonical RB binding site (Figure 1B). Nonetheless, we 

found that it can bind RB1 (Figure 3A). This has been previously noted for the canine 

papillomavirus type 2 (CPV2) and the gamma 1 HPV4 E7 proteins, which also lack LXCXE 

motifs (Wang et al., 2010). The CPV1 and HPV4 E7 proteins associate with RB1 through C 

terminal sequences (Wang et al., 2010). Interestingly, the high-risk alpha HPV16 E7 protein 

has also been reported to contain a second, low affinity binding site in the C terminus (Liu et 

al., 2006; Patrick et al., 1994; Todorovic et al., 2012) and one may speculate that this domain 

is evolutionarily conserved with other papillomaviruses, including CPV1 and gamma 

papillomavirus E7s. CPV E7 was able to cause RB1 destabilization (Wang et al., 2010), but 

this activity does not appear to be conserved with HPV197 E7 (Figure 3B). Moreover, our 

studies revealed that HPV197 E7 preferentially interacts with RB1 and there was no 

evidence for interaction with the related RBL1 and RBL2 proteins (Table 2). Similarly, and 

in contrast to LXCXE containing papillomavirus E7 proteins, there was no evidence for 

association of HPV197 E7 with CDK/Cyclin complexes or E2F/DP transcription factors 

(Table 2). Hence, it is likely that the observed activation of E2F transcription is due to RB1 

association.

In summary, our proteomic analyses revealed that the HPV197 E6 and E7 proteins interact 

with important cellular targets of mucosal and/or cutaneous HPV E6 and E7 proteins 

including UBE3A, MAML1 and TP53 as well as RB1 and UBR4. Some of these are key 
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mediators of the oncogenic activities of high-risk alpha and beta HPV E6 and E7 proteins. 

Thus, it will be interesting to determine if the E6 and/or E7 proteins of HPV197, and 

potentially other gamma HPVs, have oncogenic activities and if they contribute to some 

aspect of human carcinogenesis or whether they truly are biologically innocuous 

components of the skin virome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HPV197 is a gamma genus HPV that has been detected in human skin 

cancers

• We investigated HPV197 E6 and E7 cellular interactomes

• HPV197 E6 and E7 bind important cellular targets of cancer associated 

HPV E6 and E7
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Figure 1. 
Sequence alignment of HPV197 E6 (A) and E7 (B) with the corresponding beta 1 HPV8, 

beta 2 HPV38 and alpha 9 HPV16 proteins. Identical and chemically similar amino acid 

residues are shown by black and gray boxes, respectively. E7 sequences previously shown to 

be similar to Adenovirus E1A conserved region (CR) 1 and 2 are shown. The positions of 

the paired CXXC motifs that form zinc binding sites, the XTXL C terminal PDZ binding 

site in HPV16 E6 and the LXCXE canonical RB binding site in E7 are also indicated.
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Figure 2. 
Binding of HPV197 E6 to the LXXLL domain proteins UBE3A and MAML1 proteins and 

to TP53. (A) Immunoprecipitation/western blot experiments documenting interaction of 

ectopically expressed amino (N) and carboxyl (C) terminally HA/FLAG epitope tagged 

HPV197 E6 proteins with endogenously expressed MAML1, UBE3A and TP53 in HCT116 

cells. Input lanes contain 4% of protein extracts used for HA immunoprecipitation (HA IP). 

HPV197 E6 levels were assessed by immunoblotting with a FLAG antibody. The results of a 

single IP are shown. UBE3A and TP53 binding was analyzed separately from MAML1 

binding. (B) TP53 destabilization assays performed by transient expression of the indicated 

proteins in Saos-2 osteosarcoma cells. TP53 steady state levels were determined by western 

blotting. A GFP blot is shown to normalize TP53 levels by transfection efficiency. HPV16 

E6 was used as a positive control for TP53 destabilization. (C) TP53 dependent 

transcriptional reporter assays. The corresponding plasmids were transfected into Saos-2 

osteosarcoma cells and firefly luciferase activity was determined. Values were normalized to 

co-transfected renilla luciferase expression and represent averages and standard deviations 

from an experiment performed in triplicate. HPV16 E6 was used as a positive control for 

repression of TP53 transcriptional activity. Similar results were obtained in three 

independent experiments.
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Figure 3. 
Binding of HPV197 E7 to the RB1 tumor suppressor. (A) Immunoprecipitation/western blot 

experiments documenting interaction of ectopically expressed amino (NE7) and carboxyl 

(CE7) terminally HA/FLAG epitope tagged HPV197 E7 proteins with endogenously 

expressed RB1 in HCT116 cells. Untransfected (U) cells were used as controls. Input lanes 

contain 3.3 % of protein extracts used for HA immunoprecipitation (HA IP). HPV197 E7 

levels were assessed by immunoblotting with a FLAG antibody. (B) RB1 destabilization 

assays performed by transient expression of the indicated proteins in Saos-2 osteosarcoma 

cells. RB1 steady state levels were determined by western blotting. A GFP blot is shown to 

normalize RB1 levels by transfection efficiency. HPV16 E7 was used as a positive control 

for RB1 destabilization. (C) E2F dependent transcriptional reporter assays. The 

corresponding plasmids were transfected into U-2 OS osteosarcoma cells and firefly 

luciferase activity was determined. Values were normalized to co-transfected renilla 

luciferase expression and represent averages and standard deviations from an experiment 

performed in triplicate. HPV16 E7 was used as a positive control for induction of E2F 

transcriptional activity. Similar results were obtained in three independent experiments.
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Figure 4. 
(A) Sequence alignments of LXXLL motifs contained in cellular proteins associated with 

HPV197 E6. Negatively charged and hydrophobic amino acid residues at the −3 position and 

the LXXLL sequence are highlighted. (B) Alignment of sequences corresponding to the 

alpha helix 2 and beta sheet 4 of the BPV1 and HPV16 E6 sequences and the corresponding 

HPV8 and HPV197 E6 sequences. Basic residues shown to be critical for binding of 

LXXLL proteins with an acidic residue at −3 and hydrophobic residues critical for LXXLL 

protein binding with hydrophobic amino acid residues at −3 are highlighted.
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Table 3

HPV197 E6 associated cellular LXXLL domain proteins reported to interact with other papillomavirus E6 

proteins (see text for references)

Complex Protein HPV197 CE6 Unique/Total/Coverage HPV197 NE6 Unique/Total/Coverage

TP53 UBE3A 31/32/39.66 % 15/17/21.37 %

TP53 10/14/24.94 % 6/6/16.03 %

UBE2L3 3/3/29.87 % 2/2/24.03 %

NOTCH MAML1 19/21/34.84 % 6/7/14.27 %

NOTCH1 19/22/9.71 % 8/8/3.80 %

NOTCH2 30/40/16.92% 23/30/13.72 %

NOTCH3 9/11/5.34 % 9/10/6.16 %

other PXN 19/28/37.56 % 14/18/35.87 %

other TADA3 12/19/35.88 % 6/6/19.91 %

other IRF3 10/13/29.51 % 6/7/19.44 %

other TGFB1I1 (HIC5) 3/3/10.63 % 1/1/3.47 %

other AP1G1 ND 3/3/5.72 %

other RCN2 (E6BP) 5/6/33.12 % 5/5/37.22 %

ND Not Detected
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Table 4

Association of HPV197 E6 with CCR4-NOT complex components

Beta 2 HPV E6
1 HPV197 CE6 Unique/Total/Coverage HPV197 NE6 Unique/Total/Coverage

CNOT1 HCIP 100/137/43.98 % 76/93/39.10 %

CNOT2 HCIP 22/37/54.26 % 14/18/47.04 %

CNOT3 HCIP 16/21/27.49 % 9/10/14.48 %

CNOT4 HCIP 16/29/32.35 % 13/18/27.48 %

CNOT6 HCIP 6/6/24.78 % 4/4/14.90 %

CNOT6L HCIP 9/10/19.46 % 8/9/16.76 %

CNOT7 HCIP 9/13/49.12 % 6/9/31.23 %

CNOT8 - 7/7/38.70 % 5/5/20.55 %

RQCD1 (CNOT9) HCIP 11/14/37.79 % 10/13/37.12 %

CNOT10 HCIP 18/19/30.38 % 10/10/20.43 %

C2ORF29 (CNOT11) HCIP 11/13/30.78 % 7/8/20.59 %

1
data from (White et al., 2012a)
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Table 5

Association of HPV197 E6 with previously identified beta 2 HPV E6 cellular interactors

Beta 2 HPV E6
1 HPV197 CE6 Unique/Total/Coverage HPV197 NE6 Unique/Total/Coverage

TNKS1BP1
2 48/46/36.03 % 35/42/26.95 %

TJAP1
3 ND ND

TANC1
3 1/1/0.54 % ND

TANC2 27/29/20.50 % 5/5/4.32 %

AMBRA1 21/23/27.73 % 5/6/6.70 %

C21ORF2 2/2/9.77 % 1/1/4.30 %

MX2
4 ND ND

NEK1
3 12/12/13.35 % ND

UHMK1 ND ND

MTA2
5 2/2/3.89 % 2/3/5.39 %

UBR4 19/19/6.52 % 17/19/5.77°%

KCMF1 2/2/13.65 % ND

UBA5 ND ND

UFM1
6 ND ND

JMJD1C
3 21/27/12.09 % 9/11/6.38 %

ND Not Detected

1
Data from (White et al., 2012a)

2
also alpha 9 HPV16, alpha 7 HPV45, and alpha 10 HPV6 E6

3
HPV17 E6 only

4
also alpha 4 HPV57, alpha 7 HPV18, alpha 9 HPV52, beta 1 HPV20, and beta 4 HPV92 E6

5
also alpha 9 HPV16, beta 1 HPV20, HPV26, and beta 4 HPV92 E6

6
HPV17 E6 only, also alpha 4 HPV57 E6
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Table 6

Association of HPV197 E6 with previously identified beta 4 HPV92 E6 cellular interactors

HPV92 E6
1 HPV197 CE6 Unique/Total/Coverage HPV197 NE6 Unique/Total/Coverage

ARNT ND ND

BANF1
2 ND 3/3/42.70 %

HIF1A ND ND

DUSP3 ND ND

AJUBA (JUB)
3 14/16/30.67 % 7/8/19.33 %

AAMP
4 4/4/11.06 % 2/2/5.53 %

SLC12A8 ND ND

AZI1 3/3/4.06 % 2/2/3.14 %

CEP152 ND ND

CEP63 ND ND

THUMPD3 3/3/9.47 % 2/3/6.51 %

CASP1 ND ND

CEP44 (KIAA1712) ND ND

PRKCQ ND ND

CAMSAP3 (KIAA1543) 15/16/18.98 % 6/6/6.81 %

VDR ND ND

ND Not Detected

1
Data from (White et al., 2012a)

2
also detected with beta 2 HPV38 E6

3
also detected with beta 1 HPV25 E6

4
Also detected with alpha 7 HPV45 E6
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